Abstract: Growth requirements of 10 possibly thermophilic strains of cyanobacteria were compared under a wide spectrum of light and temperature conditions (7-80 W m −2 , 12-40
Introduction

Thermophiles (organisms with growth optima of 45-50
• C or higher) are interesting and important organisms adapted to temperatures in the approximate range of 40 to 70
• C (Berenguer 2011) . They were common, and even monopolistic, in the distant past, but are now usually found in thermal springs (Gold 1992 (Gold , 1999 Hindák 2008a; Hindák & Hindáková 2006 Lukavský et al. 2011) . This is advantageous because thermal springs are relatively very stable, and have been so for maybe thousands of years, and thus resident organisms have had enough time to adapt. Such adaptations include modifications of membranes, protein and nucleic acid structures, and the production of specific compounds. Increased temperatures lead to a decrease in the unsaturated/saturated fatty acid ratio (Maslova et al. 2004; Satoh et al. 1979) . Maslova et al. (2004) fur-*Electronic supplementary materials are available in the on line version of the article ther discussed a possible role of hexadecanoic acids in the adaptation of Synechococcus to high temperatures. Increased thermal stability of proteins is due to a higher rigidity resulting from hydrophobic forces and internal structural changes (Kumar et al. 2007 ). Nucleic acid changes include increased C+G content in RNA, structural stabilization by base modification or small ligand binding, generation of compact tertiary structures, interactions with ribosomal proteins, and efficient DNA repair and RNA turnover (Grosjean & Oshima 2007) .
For biotechnological applications, modified biochemical pathways and the production of unusual metabolic products could have potential, so thermal springs could serve as reservoirs for new strains possessing novel characteristics (Pulz & Gross 2004) . Thermotolerant Phormidium sp. produced anti-microbial compounds against G − and G + bacteria, also Candida albicans and Cladosporidium resinae (Fish & Codd 2004) . Another strain of Phormidium sp. was immobilized in calcium alginate and used to treat dye-rich wastewater (Ertugrul et al. 2008) . Some unusual Fe-proteins, siderophores, were isolated from some thermophytes (Řezanka & Lukavský, unpublished) . Individual strains of some cyanobacteria exhibit different levels of polyunsaturated fatty acids (Tolypothrix sp.) and varying distributions of positional isomers of monoenoic fatty acids in TAGs (Mastigocladus laminosus). This great variability in metabolic pathways is promising for bioprospecting (Řezanka et al. 2012) . Ferredioxins for example, from M. laminosus, are toxic and, where present, restrict public use of springs (Mohamed 2008 ) but have potential anticancer agents (Javor 1999; Pulz & Gross 2004) . Finally, bioprospecting also contributes towards check list of algal flora (Lukavský et al. 2011) . Hydrogen produced by some cyanobacteria is a promising source of energy for the future (Mitsui 1987) . The exploitation of natural hot water springs containing high levels of CO 2 is also highly profitable for algal biotechnology, e.g. production of Spirulina (Fournadzhieva et al. 2002) and has potential for the production of thermophilic species. Precipitation of travertine using cultures of thermophilic cyanobacteria is discussed as a method for capturing and sequestering CO 2 of anthropic origin (Ono & Cuello 2007) .
Cultivation of thermophiles is not difficult because of high growth rates and resistance to common "weed" species under extreme temperatures. Successful cultivation on a large scale for biotechnological use requires knowledge of the growth characteristics of prospective strains.
Step-by-step testing is time consuming and can result in hundreds of combinations of growth parameters (Styron et al. 1976 ). The use of gradients, either singly or in combination (temperature, light, pH, salinity, nutrient concentrations) can simplify and accelerate the selection of appropriate conditions. Cultivation of algae in crossed gradients of temperature and light (Halldal & French 1958; Yarish et al. 1979; Lukavský 1982,) proved to be a suitable method for the testing of morphological variability, growth rates, metabolite content, and levels of photosynthetic pigments. A large number of combinations of temperature and light, together with a wide spectrum of growth conditions can be tested simply and quickly in one unit at the same time (Lukavský 1982) .
The aim of this study is to determine and compare growth requirements of selected strains of thermophilic cyanobacteria isolated from thermal springs in Slovakia: 4 from Piešťany, 2 from Sklené Teplice (Hindák & Hindáková 2006 , one from thermal waters in Bulgaria (Lukavský et al. 2011) , 2 strains from the hypersaline lake Chott-el-Djerid (Tunisia) (Hindák 2008b; Hindák & Šmarda 2006) and one strain from Philippines under a wide spectrum of light and temperature conditions using crossed gradients of temperature and light.
Material and methods
Cultures
Experimental strains were our own isolates, which are maintained as working collections by the authors (Table 1 ). All thermal strains belonged to the commonly occurring cyanophytes on investigated localities. Experiments were carried out at the phycological laboratories of the Institute of Botany AS CR, Třeboň. Strains were pre-cultivated as batch cultures in Z nutrient solution [Zehnder medium, in 
Crossed gradients
The strains were cultivated in pre-sterilized (UV -C, 1 h) immunological plates (FB type, 9 × 12 cm, 96 wells, polystyrene, Falcon) in a volume of 0.2 mL per well. Cultures were inoculated during linear growth. After the inoculation, plates were sealed with food wrap polyethylene foil and a lid, and incubated in the cultivation unit.
The experiments were performed in a cultivation unit for crossed gradients of temperature and light [Labio, Czech Republic; see Kvíderová & Lukavský (2001) for detailed description]. The light gradient was set from 80-7 W m −2 continuous light using high pressure sodium lamps (NAV TS 400W, Osram, Germany), and the temperature gradient was set from 12-40
• C. Light was measured using a PU550 light meter (Metra Blansko, Czech Republic) equipped with a PAR probe and temperature was measured using a digital thermometer (PU 391/1, Metra Blansko, Czech Republic) with a contact probe (Fig. 1) , CO2 was supplied to a final concentration of 2% (v/v). The plates were placed on a cloth (gauze) filled with water to improve heat transfer. A total 24 different combinations of light and temperature were evaluated, over a period of approximately 500 h. Evaluation of growth Optical density was evaluated directly in wells of immunological plates using an iEMS plate reader (LabSystems, Finland) at 750 nm (OD750). The OD750 values were converted into dry weights via individual equations (Table 2) , using a 2nd order polynomial function (higher orders did not yield any greater fitness, Table 2 ). Data were processed by a local smoothing technique using polynomial regression and weights computed from a Gaussian density function, followed by two-dimensional interpolation. The Sigma Plot contains seven types of smoothers that were tested and one with the smallest deviation from experimental data was selected. A second order polynomial was used for plotting.
Crossed gradient data processing and statistical evaluation Statistical evaluations were performed using Statistica 10.0 (Statsoft, USA) and CANOCO (CPRO-DLO, The Netherlands) software. The results were considered significant if p < 0.05.
The null hypotheses tested were: i) there are no differences in dry weight at various combinations of light and temperature for each strain; ii) there are no differences in growth requirements of individual strains. Before processing, data were tested for normality of distribution. The effects of light, temperature and their combinations were tested using two-way ANOVA and the difference between homologous groups were evaluated using Tukey HSD test at p = 0.05. The CCA (Canonical Correspondence Analysis) and Monte Carlo permutation tests were performed without any data transformation.
Results
Individual strains responded to cultivation conditions differently ( Fig. 2 and Supplementary material SM 01-10) and their growth requirements are summarized in The most thermophilic and high-light-tolerant strain seems to be Synechococcus bigranulatus strain Table 4 . Statistical significance of effects of temperature (T), irradiance (I) and their combination (T×I) on dry weight (Two-way ANOVA, n = 144) at the end of the experimental period. Significant effects are marked bold. Lukavský 2005/66 isolated from thermal spring at Rupite, Bulgaria, original temperature of 75
• C. Growth at low temperatures was negatively affected by light, since at the same temperature, biomass yields at lower irradiances were greater than at higher light levels. The growth optimum upper temperature limit of this strain could be above 45
• C, however, the cultivation unit could not be used at temperatures above 50
• C to test this. The strain tolerated high irradiances; for determination of upper irradiance growth limit, a different light source, such as an LED array, should be used (Table 3, Figs 2, 3, SM 01) .
The isolate from Traian well, Piešťany (original temperature 68
• C), Chroococcidiopsis thermalis strain Hindák 2008/9, was the second most thermophilic strain in the experimental set. Other Slovakian strains have similar optima with the exception of Hapalosiphon fontinalis strain Hindák 2008/1, whose temperature growth requirements were lower. All Slovakian strains were characterized by a broad temperature tolerance range. The temperature growth limits could not be determined, since, due to technical restrictions, the maximum temperature difference in the unit cannot be higher than 20-30
• C. The strains tolerated broad irradiance ranges and the upper irradiance limit remains to be determined since the highest biomass yields were observed at maximum PAR values. Only H. fontinalis strain Hindák 2008/3 preferred lower irradiances (Table 3, SM 02-05, 08, 09).
The Tunisian strains generally preferred high temperatures and irradiances and tolerated broad temperature and irradiance ranges. Their growth optima were similar or higher than the majority of Slovak strains (Table 3 and SM 06, 07).
The lowest optimum temperature-and shadepreferring strain was Hapalosiphon delicatulus strain Hindák 2007/20, isolated from a bark tree, on tropical Cebu island, Philippines (Fig. 3) . Its temperature requirements were similar to H. fontinalis strain Hindák 2008/3 and the same species, strain Hindák 2008/1, but the Philippine aerophitic strain preferred lower irradiances (Table 3, . However, the decreased biomass values among the peaks are not statistically significant (Tukey HSD test for p = 0.05; n = 114 in each strain). They can be caused either by variability in data, or by bacterial and/or fungal contamination. Although minor bacterial contamination may not be excluded completely, the massive contamination responsible for such increase in OD 750 was not observed (SM 01-10).
The ecologically similar growth requirements were observed in strains originating from the same or nearby localities. The CCA separated individual localities with different prevailing light and temperature conditions (Monte Carlo permutation test p = 0.02; n = 24 for each strain, Fig. 3 ). The overlapping strains isolated from Slovakian localities indicate similar original environmental conditions, and hence similar growth requirements. In contrast to the CCA, the correlation analysis did not find any relationship between temperature optima, range and temperature in situ. However, the actual temperature measurements did not reflect average growth temperatures or their variation. Since irradiance data from individual localities were not collected, no correlation analysis could be performed. However, data indicated that the strains from generally sunny localities (Bulgaria, Tunisia) preferred higher irradiances (Fig. 3) .
Discussion
The evaluated experimental strains generally preferred higher temperatures. The separation of acrothermic (50-68 Strains Chlorogloeopsis fritschii Hindák 2006/4 and Isocystis sp., strain Hindák 2006/1 were isolated from the hypersaline lake Chott-el-Djerid, in the Sahara, Tunisia. It is the largest salt pan of the Sahara with a surface area of about 7,000 km 2 . Due to the extreme climate, with an annual rainfall of only 100 mm and temperatures reaching 50
• C, water evaporates from the lake. In summer, Chott-el-Djerid is almost entirely dried up (Hindák 2008b; Hindák & Šmarda 2006) . Optimal growth of the Tunisian strain indeed occurred at high temperatures and irradiances.
Hapalosiphon delicatulus strain Hindák 2007/20 was isolated from the tropic Cebu Island, Philippines, aerial on a bark tree, and preferred lower temperatures and irradiances. The growth optima could correspond to conditions in its original locality within Philippine forests, however, the exact environmental conditions in the original locality remain unknown.
No correlations between the environmental data from original localities and growth requirements were observed. The cyanobacteria may tolerate broad ranges of environmental conditions, even these conditions are sub-optimal for long periods of time. For instance, polar cyanobacteria tolerate long-term exposition to low temperature and freezing, although their optimum growth temperature are much higher (Vincent 2000) . Thus, long-term microclimatic data may be required to find such correlations, since microclimate seems to be more important for growth requirements than the geographic position of the original locality as seen in the genus Stichococcus (Kvíderová & Lukavský 2005) , or by including more strains from the same locality with different growth requirements into the evaluation. The growth optima of strains from the one locality were not always the same, with some seeming to prefer slightly different microclimatic conditions; this phenomenon was observed in Leptolyngbya strains isolated from hypogean sites (Albertano & Kováčik 1996) . The Slovakian Hapalosiphon fontinalis strain Hindák 2008/3 prefers slightly higher temperatures than H. fontinalis strain Hindák 2008/1, although both were isolated from the same drinking fountain. Similarly, the growth optimum of the Tunisian strain Isocystis sp. Hindák 2006/1 is higher than 42
• C, whereas Chlorogloeopsis fritschii strain Hindák 2006/4 grows better within a temperature range of 23 to 43
• C. Some strains may grow slower than others because the conditions are not optimal for them. Nevertheless, both strains can coexist, or competition will eventually deplete one strain. Especially oscillations or unstability of environment is enabling coexistence of species with different optima and demands according to Trifolium -Trilobium model (Begon et al. 2006) . Many strains are growing under conditions not optimal, but not absolutely destructive allowing survival. For example, although soil cyanobacterium Arthronema africanum was collected in hypersaline dry pool near Mena Saud, South Kuwait, the isolated strain was only halotolerant growing at salinities up to 60 ppt NaCl (Komárek & Lukavský 1988) . In this case the high concentration of NaCl is a firewall against invasion of another, fast growing but not halotolerant weed species.
